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Summary 
The multichain T cell antigen receptor (TCR) is com- 
posed of an antigen binding (a/p) domain and associ- 
ated signal-transducing complexes, the CD3 (y, S, and 
E) and the c chains. The c chain (TCRI;) plays a key role 
in signal transduction. We show here that TCR ligation 
induces association of tyrosine-phosphorylated TCR& 
with the detergent-insoluble cell fraction. The microfil- 
ament poison, cytochalasin D, disrupts this associa- 
tion and enhances the coprecipitation of actin with 
TCR{ after receptor ligation. This microfilament asso- 
ciation is specific to TCR-associated polypeptides 
containing at least one intact immunoreceptor tyro- 
sine-based activation motif (ITAM). Mapping studies 
using transfectants and chimeric TCRC chain con- 
structs suggest that the third ITAM is necessary and 
sufficient for association, if the distal tyrosine is intact. 
This cytoskeletal association is directly correlated 
with IL-2 production, and ligation of TCR on immature 
thymocytes does not induce TCRG-cytoskeleton asso- 
ciation. These data thus provide direct evidence of a 
developmentally regulated activation-dependent in- 
teraction between a lymphocyte antigen receptor and 
the actin cytoskeleton. 
Introduction 
The T cell antigen receptor (TCR) is a multichain hetero- 
merit structure composed of an antigen binding (a/8) do- 
main and noncovalently associated signal-transducing 
complexes, the CD3 (y, 8, and E) and the 5 chains (Ashwell 
and Klausner, 1990). CD3s and TCRC contain, respec- 
tively, one and three copies of the immunoreceptor tyro- 
sine-based activation motif (ITAM) and are each capable 
of independently mediating TCR signaling (Wegener et 
al., 1992). The signal transduction events induced by TCR 
ligation begin at the plasma membrane with the release 
of calcium and the activation of tyrosine kinases, phospho- 
lipase C, and protein kinase C (Chan et al., 1992). This 
early activation cascade then induces a variety of cyto- 
plasmic metabolic changes, including the rearrangement 
and reorientation of the cytoskeleton (Omann et al., 1987). 
Subsequently, nuclear processes that regulate gene tran- 
scription are initiated, leading to IL-2 production, and cul- 
minating in the commitment of cells to functional special- 
ization and their release from cell cycle control. Although 
much is known about the early membrane events and late 
nuclear processes of T cell activation, an understanding 
of the mechanisms that link membrane receptor recogni- 
tion to gene regulation is incomplete. 
The cytoskeletal apparatus, a complex network com- 
posed of three filamentous systems, forms the internal 
cytoplasmic array that provides both structural support 
for the cell and physical support for numerous enzymatic 
processes. By linking the plasma membrane with the cell 
interior, the cytoskeleton plays a direct role in the regula- 
tion and compartmentalization of numerous intracellular 
functions, including the activation process (Maness and 
Walsh, 1982). Previously, we have shown that in a highly 
differentiated epidermal cell, the fish melanophore, the 
signal generated by the adrenergic receptor is transmitted 
via the second messenger, cyclic adenosine monophos- 
phate (CAMP), promoting the phosphorylation of various 
polypeptides and ultimately causing a change in the direc- 
tion of pigment granule motility on microtubule tracks 
(Rozdzial and Haimo, 1986a). The evidence, however, for 
cytoskeletal involvement in T or B cell activation is limited. 
Braun et al. (1982) reported ligand-induced association of 
surface immunoglobulin with the detergent-insoluble cell 
pellet, and recent work has shown that various T cell sur- 
face molecules, includingCD1 la/CD18(Pardi et al., 1992) 
and CD44 (Geppert and Lipsky, 1991) associate with the 
cytoskeleton upon receptor cross-linking. 
While these associations may reflect receptor internal- 
ization and recycling, indirect evidence has suggested that 
thecytoskeleton, specifically actin microfilaments, may be 
integral to lymphocyte activation and that changes in the 
cytoskeleton or cytoskeletal-mediated receptor internal- 
ization may be involved in signal transduction. These in- 
clude evidence that drugs that disrupt microfilament as- 
sembly decrease the rate of CD3 internalization and 
uncouple the TCR from phospholipase C-mediated sig- 
naling (DeBelI et al., 1992); the tyrosine-containing motif 
in the type Ill receptor for immunoglobulin G (IgG), re- 
quired for transduction of cell activation signals, also deter- 
mines receptor internalization (Amigorena et al., 1992); 
spectrin and protein kinase C translocate to a cytoplasmic 
aggregate upon lymphocyte activation (Lee et al., 1988); 
the actin-binding protein, profilin, is involved in the regula- 
tion of phospholipase C-y1 (Goldschmidt-Clermont et al., 
1991); T and B cell activation results in actin polymeriza- 
tion (Parsey and Lewis, 1993; Melamed et al., 1991); and 
Immunity 
624 
drugs that disrupt the actin cytoskeleton induce a block 
of intracellular calcium rise coincident with a block of the 
cyclic changes in T cell shape (Valitutti et al., 1995). Here, 
we provide direct evidence that components of a lympho- 
cyte antigen receptor interact in an activation-dependent 
manner with components of the cytoskeleton. We show 
that TCR chains containing at least one activation motif 
(ITAM) associate with the microfilament cytoskeleton fol- 
lowing antigen receptor ligation, and that this cytoskeletal 
binding is regulated by activation-induced tyrosine phos- 
phorylation and is correlated with downstream signal Vans- 
duction. 
Results 
Antigen Receptor Ligation Induces Association 
of TCR< Chain with the Detergent-Insoluble 
Cell Fraction 
We compared the subcellular localization of TCRL in rest- 
ing and activated T cells. Detergent solubilized cell lysates 
from murine thymocytes and lymph node Tcells were frac- 
tionated by centrifugation and probed, using immunopre- 
cipitation and immunoblotting, before (Figures 1A and 1 B, 
lanes 1 and 3) and after (Figures 1 A and 1 B, lanes 2 and 
4) TCR ligation. Relative to the 7% of TCR< associated 
with the detergent-insoluble pellet in resting thymocytes 
and lymph node T cells (Figure 1, lanes l), the amount 
of TCRL in the detergent-insoluble pellet increased an av- 
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Figure 1. TCR< Associates with the Detergent-Insoluble Pellet upon 
Ligation of the T Cell Antigen Receptor 
Isolated murine thymocytes (A) or lymph node T cells (6) were incu- 
bated in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of an 
anti-c$TCR MAb (H57-597) and cross-linked with a secondary GAM 
antibody. The cells were then lysed in nonionic detergent and centri- 
fuged to separate the detergent-soluble supernatant (lanes 3 and 4) 
from the detergent-insoluble pellet (lanes 1 and 2). Subsequently, the 
supernatant was subjected to immunoprecipitation (IP) with a MAb 
(H146-966) specific for the TCRL chain (lanes 3 and 4). The pellet 
and the anti-TCRC immunoprecipitate were separated by PAGE and 
Western blotted with anti-TCRC MAb. Densitometric analysis (cor- 
rected for loading of unequal cell equivalents) revealed that, on aver- 
age, 7% of TCRC sedimented with the detergent-insoluble pellet from 
resting thymocytes and lymph nods T cells (lanes 1). Upon activation 
of thymocytes and lymph node T cells, an average of 16% and 43% 
of TCRI, respectively, associated with the detergent-insoluble pellet 
(lanes 2) and was depleted from the supernatant (lanes 4), relative to 
resting cells (lanes 3). Treatment of thymocytes or lymph node T cells 
with the ligating antibody or GAM alone did not substantially increase 
the amount of TCRC in the pellet relative to untreated controls (data 
not shown). Data are representative of at least ten experiments. 
erage of P-fold (16%) and B-fold (43%), respectively, fol- 
lowing ligation of the antigen receptor (lanes 2). This acti- 
vation-induced association with the detergent-insoluble 
pellet occurred with a concomitant depletion of TCR< 
from solution (Figure 1, lanes 4). In comparison, in resting 
T cells (Figure 1, lanes 1 and 3), TCR< was predominantly 
localized to the detergent soluble material (lanes 3). There- 
fore, a fraction of total surface TCRt: (Figure 1, lanes 3) 
associates with the detergent-insoluble pellet in response 
to antigen receptor ligation. In addition, the amount of 
TCRC in the insoluble pellet from activated lymph node 
T cells is significantly greater than that isolated from acti- 
vated thymocytes (Figure 1, lanes 2). 
To address the specificity of receptor association with 
the detergent-insoluble pellet, other antigen receptor chains 
were probed. The CD3&chain, which also contains asingle 
ITAM, associated with the insoluble pellet in response to 
receptor ligation (data not shown). To determine whether 
TCRC and CD3& could associate with the pellet indepen- 
dent of the other chains of the antigen receptor, the cyto- 
plasmic domains of TCRL (Figure 2A) or CD~E (Figure 2C) 
were expressed as chimeric constructs with the extracellu- 
lar and transmembrane regions of CD25 or the extracellu- 
lar domain of CD6, respectively. Both CD25& (Figure 28) 
and CD~/E (Figure 2D) associated with the insoluble pellet 
in response to ligation of the extracellular domain, sug- 
gesting that other components of the antigen receptor are 
not required for this interaction. 
TCR( Coprecipitates with Actin upon Antigen 
Receptor Ligation 
The cytoskeleton is a major component of the detergent- 
insoluble pellet and was, therefore, a logical site of TCRC 
interaction. To explore the molecular mechanisms and 
structural interactions that mediate the association of 
TCRI; with the detergent-insoluble pellet, the hybridoma 
expressing the CD25/<chimera(Figure 2A) was incubated 
with the cytoskeletal poisons cytochalasin D, which dis- 
rupts actin-based microfilaments, and nocodazol, a micro- 
tubule depolymerizing agent. Treatment of the cells with 
these poisons, or with cytochalasin D alone (data not 
shown), disrupted association of TCRI; with the pellet in 
cells treated before (Figure 3A, lane 4), but not after (Figu re 
3A, lane 5), receptor ligation. Partial disruption of the asso- 
ciation of TCRC with the pellet was also seen in thymocytes 
and peripheral lymph node T cells treated with the cy- 
toskeletal poisons or with cytochalasin D alone (data not 
shown), suggesting involvement of the cytoskeleton, spe- 
cifically microfilaments, in the interaction with TCRI;. 
To determine the cytoskeletal component involved in 
TCR< binding, cleared lysates of resting and activated 
T cells were analyzed for coimmunoprecipitation of deter- 
gent-soluble TCRC with soluble actin (G-actin) or tubulin. 
Actin (identified at its characteristic molecular weight us- 
ing a specific anti-actin monoclonal antibody (MAb); Jock- 
usch and Temm-Grove, 1993), but not tubulin (data not 
shown), coprecipitated with TCRI; (Figure 38, lanes l-4). 
This binding increased significantly in response to recep- 
tor ligation, under conditions favoring cytoskeleton depo- 
lymerization (Figure 38, compare lanes 2 and 4). In the 
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Figure 2. Structural Models of the CD251c and 
CD8/sChimerasandTheirAssociation with the 
Detergent-Insoluble Pellets Upon Receptor Li- 
gation 
(A) Structure of the CD25/6 and CD25/iY153F 
chimeras. The a, b, and c regions represent 
the threelTAMsof thecytoplasmicTCR?$hain, 
each with their two tyrosines (Y). The CD25/ 
SY153F chimera has a tyrosine to phenylala- 
nine substitution of the distal tyrosine at posi- 
tion 153 (see also Figure 4). 
(6) The CD25&,, but not the CD251SY153F chi- 
mera, associates with the cytoskeleton and is 
tyrosine phosphorylated upon TCR ligation. 
The T cell hybridomas expressing the CD2511 
and CD25K,Y153F constructs were incubated 
in the absence (lane 1) or presence of goat 
anti-rat (GAR) antibody (lane 2) or anti-CD25 
MAb (lane 3) or activated by cross-linking anti- 
body-bound surface CD25 with GAR (lane 4). 
The cells were then processed, as described 
in Figure 1, and the detergent-insoluble pellets 
were probed on Western blots with anti-TCRC 
MAb (top) or anti-phosphotyrosine (P-tyr) anti- 
body (bottom). Identical results were obtained 
using a CD81c chimera (Wegener et al., 1992; 
data not shown). Data are representative of at 
least four experiments, using 2 or 3 transfec- 
tants of each chimera. 
(C) Structure of the CDB/E chimera. 
(D) CD8/& associates with the cytoskeleton 
upon TCR ligation. The T cell hybridoma ex- 
pressing the CD8/& was incubated in the ab- 
sence (lane 1) or presence of GAR (lane 2) or anti-CD8 (53.6.72) MAb (lane 3) or activated by cross-linking antibody-bound surface CD8 with 
GAR (lane 4). These cells were then lysed, as described, and the detergent-insoluble pellets were probed on Western blots with the anti-CD8 
MAb. Data are representative of at least four experiments, using 2 or 3 transfectants of each chimera. 
absence of cytoskeletal poisons, binding of TCRL and ac- 1989),oractin(Howardetal.,1993;Jungbluthetal.,1994), 
tin was not increased despite receptor ligation (Figure 36, or in an intermediary molecule that promotes the interac- 
lane 3) probably owing to loss of this complex to the deter- tion between TCFl<and the cytoskeleton. Interestingly, the 
gent-insoluble pellet (Figure 3A, lane 3). These data sug- predominant increase in actin coprecipitating with TCR< 
gest that activation induces a change in TCRC (Hsi et al., after receptor ligation separated at aslightly higher molec- 
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Figure 3. Cytoskeletal Poisons Disrupt TCR< 
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Association with the Detergent-Insoluble Pellet 
and Enhance the Coprecipitation of TCRC with 
Actin in the Detergent-Soluble Supernatant 
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(A) Association of TCR< with the detergent- 
insoluble pellet is disrupted bycytoskeletal poi- 
sons Murine T cell hybridomas, expressing a 
chimeric polypeptide with the cytoplasmic do- 
Cyt D/Noc - + - + (+) CytDlNoc - + - + main of the TCRt, chain and the extracellular 
a-CD25 - - + + + a-TCR - - + + and transmembrane domains of CD25 (see 
GAR + + + + + GAM + + + + Figure 2A). were incubated in the absence 
(resting cells, lanes 1 and 2) or presence (acti- 
vated cells, lanes 3-5) of an anti-CD25 MAb and cross-linked with a GAR polyclonal antibody. The detergent-insoluble pellets were probed on 
Western blots with the anti-TCRL MAb. Association of TCRC with the detergent-insoluble pellet was unaffected in activated cells treated with 
cytochalasin D and nocodazole after activation (lane 5, plus), and in resting cells treated with the poisons (lane 2) relative to untreated controls 
(lanes 3 and 1, respectively). However, TCRC did not associafe with the detergent-insoluble pellet (lane 4) in cells treated with cytochalasin D and 
nocodazol prior to activation, suggesting the direct or indirect involvement of the cytoskeleton in this association. Cells treated in this manner 
consistently showed lower TCRL-cytoskeleton association (lane 4) than unactivated controls (lane 2; see also Figure 48. SD66-157) possibly 
owing to activation-induced degradation of TCRL that is otherwise inhibited by cytoskeletal binding. 
(B) Association of TCRt, and actin in detergent-soluble supernatants. Freshly isolated thymocytes were treated as indicated, lysed, and centrifuged 
to separate the detergent-soluble supernatant from the detergent-insoluble pellet. TCRC remaining in the supernatant was immunoprecipitated 
using the anti-TCR< MAb. The immunoprecipitates were then separated by PAGE and Western blotted with a specific anti-actin MAb. Actin 
coimmunoprecipitates with TCRC in the absence (lanes 1 and 3) or presence (lane 2) of the cytoskeletal poisons, cytochalasin D and nocodazol, 
under resting (lanes 1 and 2) or activating (lane 3) conditions. Purified actin assayed in parallel sedimented at the indicated molecular mass (42 kDa; 
data not shown). The amount of soluble actin coprecipitating with TCRC, under conditions of cytoskeletal depolymerization, increased significantly in 
cell lysates from activated (lane 4) relative to resting (lane 2) thymocytes. In other experiments, TCRC was shown to coimmunoprecipitate with 
actin, in an activation-dependent manner, and actin did not coimmunoprecipitate with isotype-matched control MAbs (data not shown). Data are 
representative of at least four experiments. 
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ular weight (Figure 36, lane 4), suggesting that actin may 
undergo posttranslational modification upon cell activa- 
tion. These results demonstrate an association of TCRG 
with microfilaments and regulation of this association by 
T cell activation. These data also suggest that actin mono- 
mers, dimers, or short filaments (Walling et al., 1988) con- 
tain a binding site for TCRS interaction, although they do 
not address whether binding is direct or via an intermedi- 
ary molecule. 
The Third ITAM Is Sufficient for 
Cytoskeletal Association 
To map the region of TCRC required for interaction with 
cytoskeleton, we compared the cytoskeletal association 
of intact and deleted TCRI; chains (Figure 4) (Wegener 
et al., 1992). TCRt; chains containing deletions in some 
(Figure 4A, C;DSS-114) or all (Figure 4A, <D88-157) of the 
three cytoplasmic ITAMs, showed reduced (Figure 48, 
lane 3, <086-l 14) or total abrogation of (Figure 48, lane 
3, 1;D88-157) cytoskeletal association in response to re- 
ceptor ligation. These datasuggest that the region of TCRI; 
containing the signaling motifs, rather than the membrane 
proximal or distal regions of the polypeptide, is required for 
cytoskeletal association. Additional mapping of the CDs/r 
chimera showed that a construct containing only the third 
lTAMoftheI;chain(Figure4A, CD8/cD87-128)still associ- 
ated with the cytoskeleton (data not shown), indicating that 
the third activation motif of TCR1; is sufficient for microfila- 
ment association. 
Phosphorylation of the Distal Tyrosine Plays a Critical 
Role in TCR&j-Cytoskeleton Association 
Each ITAM has two tyrosines that are critical for both early 
and late events of activation (Letourneur and Klausner, 
1992; Weiss and Littman, 1994). While there is a low level 
of constitutive tyrosine phosphorylation of TCRC even in 
resting T cells (Nakayama et al., 1989; Rozdzial et al., 
1994) with activation, tyrosine phosphorylation increases 
(Hsi et al., 1989) leading to association of specific protein 
tyrosine kinases with the ITAMs via src homology 2 (SH2) 
domains (Weiss and Littman, 1994). Analysis of the deter- 
gent-insoluble pellet revealed an increase in tyrosine- 
phosphorylated TCRC in the pellets of activated compared 
with resting thymocytes and lymph node T cells (data not 
shown). In addition, analysis of the CD25/1; chimera after 
receptor ligation revealed an association of tyrosine-phos- 
phorylated TCRC with the cytoskeleton (see Figure 28) 
suggesting that inductive tyrosine phosphorylation pre- 
cedes cytoskeletal association or, alternatively, occurs as 
a result of this association. Finally, substitutions of the distal 
COOH-terminal tyrosine in either the CD8/T or CD25/< chi- 
meras(Figure4A, CD8/cY153EandCD25/<Y153F)almost 
completely abrogated cytoskeletal association (see Figure 
28; Figure 4A), suggesting that tyrosine phosphorylation 
of the third ITAM plays a critical role in this association. 
Association of Tyrosine-Phosphorylated TCRC with 
the Actin Cytoskeleton in a Cell-Free System 
Detection of TCR1;-actin binding, under detergent-soluble 
conditions, following antigen receptor ligation (see Figure 
3), suggested that membranes were not required for the 
interaction between TCR< and the cytoskeleton. To con- 
firm this and to identify the components of this interaction, 
we developed a cell-free system that reconstitutes TCRI;- 
cytoskeleton association in vitro. Thymocytes were lysed, 
cleared of preexisting detergent-insoluble material, and 
incubated in the presence (Figure 5A, lanes 3) or absence 
(Figure 5A, lanes 1) of MgATP to mimic phosphorylating 
conditions and induce polymerization of cytoskeletal com- 
ponents (Rozdzial and Haimo, 1986b). The addition of ex- 
ogenous MgATP induced the association of TCRS with the 
pellet (Figure 5A, lane 3, Pellet) and its corresponding 
depletion from solution (lane 3, anti-l; immunoprecipita- 
tion) within 1 min of incubation. Optimal association was 
determined by time course experiments to be after lo-15 
min at 37%, similar to that seen in intact cells after ligation 
of the antigen receptor (see Figure 1). Little or no binding 
was observed at MgATP concentrations below 0.1 mM, 
whereas at 1 mM ATP and above (corresponding to the 
presumed ATP concentration of the intracellular milieu 
in intact cells), association of TCR< with the lysis pellet 
appeared optimal (data not shown). To eliminate the possi- 
bility that the addition of Mg2+ or nucleotide contributed 
to TCRC precipitation in vitro, cell lysates were incubated 
with Mg*+(Figure5A, lane2)orATPor both in the presence 
or absence of EDTA, a Mg*+ chelator (data not shown). 
EDTA disrupted TCRC association, suggesting that both 
reagents were necessary for binding to occur. In the pres- 
ence of 2 mM Mg*+ alone, actin polymerization was in- 
duced in vitro without additional TCR< binding (Figure 5B), 
suggesting that actin polymerization is not sufficient for 
TCRC association. 
To identify the cytoskeletal system involved in TCR< 
binding in vitro, cell lines expressing chimeric CD25/ccon- 
structs were lysed and incubated with or without cytocha- 
lasin D, (Figure 5C) in the absence (lanes 1 and 2) or 
presence (lanes 3 and 4) of MgATP. lmmunoblot analysis 
showed that under conditions of in vitro phosphorylation 
(MgATP; data not shown), CD25/c, but not CD25/<Y153F 
(a chimera with a phenylalanine substitution of the distal 
tyrosine), cosedimented with the pellet, in parallel to our 
results in intact cells (see Figure 28). In contrast, under 
conditions of actin depolymerization (Figure 5C, lane 4) 
the ability of CD25/1; to associate with the cytoskeleton 
was disrupted. These data provide further evidence that 
the actin cytoskeleton is specifically involved in associa- 
tion with TCRC in response to T cell activation. Further- 
more, the actin association of the CD25/c chimera was 
abrogated by mutation of tyrosine 153 (CD25/cY153F con- 
struct, lane 3), suggesting that tyrosine phosphorylation 
in the third ITAM plays a critical role in this association, 
as shown previously in intact cells (see Figures 2 and 4). 
Interestingly, as shown in the bottom panels of Figure 5, 
actin polymerization was markedly decreased in the pres- 
ence of cytochalasin D and in the presence of the con- 
struct, CD25/1;Y153F, which is unable to associate with 
actin. lmmunofluorescence analysis using a labeled anti- 
actin MAb after cell permeabilization showed equivalent 
amounts of actin in the two transfectants (data not shown). 
These data suggest that the interaction between TCR< 
and the cytoskeleton plays a role in actin polymerization. 














Figure 4. Predicted Structures and Cytoskeletal Association of the Truncated and Chimeric TCRI, Polypeptides 
(A) Predicted structures and observed activation-induced cytoskeletal association and IL-2 production of the truncated TCRL polypeptides (Wegener 
et al., 1992) and of the CDS/r and CD25/K, chimeras. The a, b, and c regions represent the three ITAMs of the cytoplasmic C chain, each with their 
two tyrosines (v) demarcated with an asterisk. BW cells expressing truncated TCRL ((;D66-114 or @66-157, deleted in residues 66-l 14 or 66- 
157, respectively; Wegener et al., 1992), or the truncated CDs/c chimera (CD8/rD67-126, expressing only intact cc domain) lose the capacity to 
associate with the cytoskeleton and to produce IL-2 with progressive deletion of the cytoplasmic domain containing the ITAM motifs. While surface 
expression of TCRI, in the various constructs remains relatively similar (data not shown), probes of the CDs/r and CD25/5 chimeras showed that 
loss of cytoskeletal association, after substitution of the distal tyrosine at position 153, is correlated with reduced IL-2 production. The BW transfec- 
tants, indicated by a dagger, contain the CD3s subunit that is sufficient to transduce a signal for IL-2 production (Wegener et al., 1992) and can 
associate with the cytoskeleton (see Figure 2). 
(B) SW transfectants containing the signaling motifs of TCRC are sufficient to associate with the cytoskeleton. BW TCRC transfectants, as previously 
described (Wegener et al., 1992), were incubated in the absence (lane 1) or presence of anti-c$TCR MAb and GAM (lane 3), or GAM alone (lane 
2), lysed, and the detergent-insoluble pellets immunoblotted with anti-TCRT, MAb. Unlike the yD66-157 construct (which is missing all three signaling 
motifs), only the full-length TCRt and the LD66-114 construct (which expresses a single intact signaling motif) associated with the cytoskeleton 
upon activation (lane 3). The antibody used for immunoblotting, H146-968, still binds to the <D66-157 deleted construct, as shown in lanes 1 and 
2, and confirmed by immunofluorescence (data not shown). Data are representative of at least three experiments. 
TCRL-Cytoskeleton Association Is Specific sary for effector function (Valitutti et al., 1995). We asked 
to Mature T Ceils whether the observed interaction between TCRC and the 
Recent data argue that TCR ligation leads to actin poly- actin cytoskeleton might represent an early step in this 
merization (Parsey and Lewis, 1993) and that an intact signaling pathway. We compared the association of TCRC 
actin cytoskeleton is required forTcell signal transduction, and the cytoskeleton in mature and immature thymocytes. 
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Figure 5. TCRC-Cytoskeleton Association Is Reconstituted in a Lysed 
1 2 3 1 2 3 Cell System 
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(A) Association of TCR(; with the cytoskeleton can be reconstituted in 
a cell-free system. Cell lysates from lymph node T cells were cleared 
ATP - - + - - + 
of preexisting detergent-insoluble material, incubated in the absence 
(lanes 1) or presence of 0.5 mM Mg2+ (Mg. lanes 2) and 5 mM ATP 
(MgATP, lanes 3) and then centrifuged to separate the polymerized 
pellet (Pellet, lanes l-3) from the supernatant. Subsequently, the 
cleared supernatant was subjected to immunoprecipitation (IP) with 
the anti-TCRL MAb (a-r IP, lanes l-3). The pellet and the anti-TCRC 
CD25/5 CD25K,Y153F immunoprecipitate were separated by PAGE and Western blotted with 
II 
anti-TCRL MAb. TCRC associated with the MgATP pellet (Pellet, lane 
3) and was depleted from the supernatant (a-6 IP, lane 3) relative to 
untreated (lane 1) and Mg”-treated (lane 2) lysates. Data are represen- 
tative of at least ten experiments. 
(C)The CD25/& but not the CD25K,Yi 53F, chimera associates with the 
microfilament cytoskeleton in a cell-free system. The Tcell hybridomas 
expressing the CD25//C and CD25/LY153F constructs were lysed and 
the supernatants were cleared of preexisting detergent-insoluble pel- 
let. The cleared supernatants were treated with (lanes 3 and 4) or 
without (lanes 1 and 2) MgATP, in the presence (lanes 2 and 4) or 
absence (lanes 1 and 3) of cytochalasin D. The CD25/c chimera that 
cosediments with the actin cytoskeleton in the in vitro activating 
(MgATP) condition (lane 3) is depleted from the pellet under actin 
depolymerizing conditions (lane 4). In addition, the microfilament asso- 
ciation of the CD25/< chimera was abrogated by mutation of tyrosine 
153 (CD25/rY153F, lane 3) suggesting that tyrosine phosphorylation 
12 3 4 1234 in the third ITAM plays a critical role in this association, Data are 
representative of at least four experiments. 
ATP - - - - + 
Cyto.D. - - + + - 
(6) Actin polymerization is not sufficient for association with TCRC. 
Thymocytes were incubated with or without cytochalasin D, lysed, and 
the lysates cleared of preexisting detergent-insoluble material (lane 
1). Cleared lysates were then incubated in the presence of 0.2 mM 
(lanes 2 and 3) or 2 mM MgZ+ (lane 4) or 2 mM Mg*+ and 5 mM ATP 
(lane 5). The insoluble pellets were separated by PAGE, the blots cut, 
and then Western blotted with anti-TCR(; or anti-actin MAbs. Cells 
were incubated in the presence of cytochalasin D to increase the level 
of actin in the detergent-soluble supernatant (compare lanes 2 and 
3). Data are representative of at least three experiments. 
(Figure 6A; Roehm et al., 1964) did not induce association 
of TCR; with the insoluble pellet (Figure 66). Instead, most 
of the TCRC from this immature population remained in 
solution (data not shown). Because association of TCRC 
with the cytoskeleton was seen only in the mature thymo- 
cyte population, the TCRC in the pellets of unfractionated 
whole thymocytes after activation (see Figure 1) was likely 
due to the contribution of mature T cells. Thus, immature 
thymocytes, which do not have sustained signaling in re- 
sponse to receptor ligation (Finkel et al., 1987; Havran et 
al., 1987; Weiss et al., 1987) and do not mediate effector 
function, such as interleukin 2 (IL-2) production (Havran 
et al., 1987; Weiss et al., 1987), also do not show evidence 
of TCRC-cytoskeleton association with receptor ligation. 
TCR(-Cytoskeleton Association and Late 
Events of T Cell Activation 
To address further the relationship between TCRc-cyto 
skeleton association and T cell signal transduction, we 
analyzed the wild-type and mutated TCRC transfectants 





Figure 6. The TCfX,-Cytoskeleton Association Is Developmentally 
Regulated 
(A) Flow cytometric profiles of mouse thymocytes labeled with fluores- 
cent anti-a6TCR (H57-597) MAb, before (broken line) sorting into sub- 
populations bearing low (dark gray stippled area) or high (light gray 
stippled area) antigen receptor levels. Receptor expression was not 
modulated during the course of the cell sort, as shown in the cross- 
linked, but unsorted, sample (solid line). Under these sameconditions, 
TCR<-cytoskeleton association was seen in mature thymocytes (see 
below). Thus, conditions of receptor ligation that induce TCRL-cyto 
skeleton association are not accompanied by receptor modulation 
from the cell surface. 
(6) Murine thymocytes (lane 1) were incubated with a biotin-conjugated 
anti-a8TCR MAb, cross-linked with streptavidin R-phycoerythrin (lane 
2) and separated, byflowcytometry, into immature(lane3)and mature 
(lane 4) populations based on TCR density. Sorted populations were 
lysed, as described, and the detergent-insoluble pellets were immu- 
noblotted with anti-TCRC MAb. Despite analysis of 8 x the cell equiva- 
lency of the other populations (lane 3) ligation of the antigen receptor 
on immaturethymocytesdid not inducedetectableassociation of TCRS 
with the cytoskeleton. Data are representative of at least three experi- 
ments. 
IL-2 (U/ml) 
Figure 7. IL-2 Production of the CDs/c and CD25/6 Constructs in Re- 
sponse to Stimulation with MAbs Directed to the CD8a (19/178) or 
CD25 (61.49.9) Molecules 
Approximately 10” cells expressing (A) CDS/c (open circles and trian- 
gles), CD8/cD67-126 (closed circles), or CD8/CY153E (closed trian- 
gles), or (6) CD25K, or CD25/<Y153F were cultured in microtiter wells 
coated with the indicated concentrations of purified 19/l 78 (A) or 
B1.49.9 (B) antibodies. Control wells were coated with an irrelevant 
antibody. After 24 hr. supernatants were assayed for IL-2 content. A 
concentration of 1 U/ml of IL-2 was the minimum detectable in this 
assay. Data are representative of at least three experiments, using 
five transfectants of each chimera. 
(Figures 7A and 78; see Figure 4A), using IL-2 production 
as an assay for effector function. As predicted, IL-2 produc- 
tion was directly correlated with TCRGcytoskeleton asso- 
ciation. At maximal stimulation of cells expressing wild- 
type CDS/c, the deleted (CD8/(067-126) and substituted 
(CD8/SY153E) constructs had, respectively, 40- and lOO- 
fold less IL-2 production than the intact CDS/< (Figure 7A). 
Similar results were obtained for the CD25KY153F con- 
struct, in comparison to the intact CD25/cchimera (Figure 
78). Interestingly, receptor ligation of the CD25KY153F 
construct induced tyrosine phosphorylation of a set of pro- 
teins that was qualitatively and quantitatively indistin- 
guishable from that induced in the intact CD25& chimera 
(data not shown), suggesting that decreased IL-2 produc- 
tion bythemutantwasnotdue toan inabilityof thischimera 
to bind to or activate critical tyrosine kinases. These data 
show that cytoskeletal association by ITAMcontaining 
motifs, although occuring rapidly after TCR ligation (see 
Figures 1 and 5), is correlated with IL-2 production, a late 
event of T cell activation. These data, however, do not 
indicate whether <-cytoskeleton association is a mediator 
of downstream IL-2 production or participates in an inde- 




Our results demonstrate that the antigen receptor chains, 
TCR< and CD~E, associate with the microfilament cy- 
toskeleton in response to TCR ligation. In intact cells, anti- 
gen receptor ligation results in association of TCRC with 
the insoluble cell pellet. This association is disrupted in 
the presence of an inhibitor of actin polymerization, cyto- 
chalasin D, implicating the actin cytoskeleton in this inter- 
action. In cell lysates, actin coprecipitates with TCRC, and 
this binding is enhanced in lysates following TCR ligation. 
Although the interaction between actin and TCRI; may be 
direct, adaptor proteins could serve as bridging molecules. 
Examples from other systems are recently described pro- 
tein phosphatases that are anchored to cytoskeletal ele- 
ments by specific regulatory subunits (Chen et al., 1994; 
Shimizu et al., 1994; Coghlan et al., 1995; Sontag et al., 
1995) and SH2-SH3containing proteins that may bridge 
tyrosine-phosphorylated molecules and components of 
the cytoskeleton (Rhee, 1991; Bar-Sagi et al., 1993). 
CD3& and TCRI;contain one and three activation (ITAM) 
motifs, respectively. Our mapping studies show that at 
least one intact ITAM is required for activation-induced 
association of TCRCwith the cytoskeleton. This interaction 
appears to be specific, since the antigen-binding chains 
(TCRa and TCR6, which do not contain an ITAM), were 
found to associate with the insoluble pellet only indirectly 
through theTCR<or CD3chains when conditionsof deter- 
gent solubilization preserved noncovalent interactions be- 
tween receptor components. In addition, the association 
of TCRC with the insoluble pellet is specific to ligation of 
the antigen receptor, since ligation of other receptors in- 
volved in T cell activation, such as CD2 and CD28, did 
not induce association (data not shown). Finally, an intact 
antigen receptor is not required for the interaction between 
TCR< or CD~E and the cytoskeleton, since chimeric con- 
structs transfected into TCR-negative cell lines were capa- 
ble of activation-induced association with the cytoskele- 
ton, in isolation. 
Earlier reportsof association of surface immunoglobulin 
receptors and cytoskeleton following receptor ligation sug- 
gested that this interaction might be involved in receptor 
internalization and trafficking (Braun et al., 1982). In our 
studies, conditions of receptor ligation that induced asso- 
ciation of >40% of TCRI; with the insoluble pellet were not 
accompanied by receptor modulation from the cell surface 
(see Figure 6A). In addition, TCRI;-cytoskeleton associa- 
tion was shown to occur at 4’C, within 1 min of receptor 
ligation, without surface receptor patching (data not 
shown), and under solubilization conditions that disrupted 
the plasma membrane, suggesting a functional distinction 
from receptor internalization, similar to the distinction re- 
ported for the type Ill Fc receptor (Amigorena et al., 1992). 
Antigen receptor ligation on immature thymocytes failed 
to induce association of TCRC with the cytoskeleton. This 
did not appear to be due to low surface receptor expres- 
sion on immature thymocytes, since ligation of an equiva- 
lent low number of receptors on mature Tcells still induced 
readily detectable TCR<-cytoskeletal association (data 
not shown). Antigen receptor ligation of immature recep- 
tor-positive thymocytes may fail to transduce the requisite 
signals for interaction of TCR< with the cytoskeleton. Thus, 
TCR ligation has different consequences with respect to 
TCRI;-cytoskeleton association at different stages of Tcell 
maturation, or within different thymic microenvironments. 
These findings suggest that early activation events in im- 
mature thymocytes are uncoupled from downstream sig- 
nal transduction (Finkel et al., 1987, 1991) and further 
functionally characterize the immature T cell population. 
We speculate that the absence of TCRC-cytoskeleton as- 
sociation in immature thymocytes may result in the inabil- 
ity of these cells to produce IL-2 and proliferate following 
receptor ligation. This is consistent with our analyses of 
Tcell hybridomasexpressing TCRcor CD3schimeraswith 
deletions or mutations in the canonical activation motifs. 
A correlation was noted between the activation-induced 
association of TCRC or CD~E chimeras with the cytoskele- 
ton and IL-2 production (see Figures 4A and 7). Interest- 
ingly, inductive tyrosine phosphorylation was intact in 
activated immature thymocytes and in some mutated chi- 
meras (CD3/cY153E and CD25/t;Y153F; data not shown), 
while cytoskeletal association and IL-2 production were 
abrogated. One interpretation of these data is that cy- 
toskeletal binding is critical to the signal transduction cas- 
cade leading to late activation events, although it is also 
possible that TCR ligation induces TCR<-cytoskeleton as- 
sociation and IL-2 production in parallel. 
The molecular dissection of the role of microfilaments 
in TCR signaling cascades is hampered by the formation 
of acomplex insoluble pellet upon activation of intact cells. 
Thus, we developed an assay for analysis of TCRC-cyto- 
skeleton association in solution. Under conditions of in 
vitro phosphorylation, TCRC associated with microfilaments 
in a time-, temperature-, and MgATP-dependent manner. 
Moreover, the nucleotide requirements for this interaction 
in vitro were specific, since only lysates containing MgATP 
showed any significant association of TCR< with cytoskel- 
eton. In contrast, ADP, GTP, or AMPPNP, a nonhydrolyz- 
able ATP analog, did not induce this association, in the 
presence or absence of Mg2+ (data not shown). These re- 
sults suggest that ATP is utilized as a substrate for this 
interaction, possibly as a phosphoryl donor in a kinase 
reaction. Indeed, tyrosine-phosphorylated TCRI; was a 
major component of the MgATP pellet and the correspond- 
ing supernatant (data not shown), arguing that TCRC-cy- 
toskeleton association occurs subsequent to tyrosine phos- 
phorylation of the TCRC chain. 
Our data from intact cells also suggest that early phos- 
phorylation events regulate the association of TCRC with 
the cytoskeleton. Tyrosine-phosphorylated TCR< associ- 
ates with the cytoskeleton upon activation, and deletion 
of the ITAMs or, surprisingly, a single mutation in the distal 
tyrosine of TCRC abrogates this association and abrogates 
IL-2 production. How can we reconcile these data with 
work of others showing that the first ITAM of TCRC is suffi- 
cient to mediate early(Irving et al., 1993) and late (Koyasu 
et al., 1994) signaling events in T lineage cells? In contrast 
with earlier work, the chimeric TCR< chains analyzed in 
our studies were expressed in the absence of other compo- 
nents of the TCR and were mutated at discreet tyrosines 
$vation-Induced TCR?+Cytoskeleton Association 
in the context of the rest of the wild-type TCR1;. Although 
in isolation the first and second ITAM are functional, pre- 
liminary data suggest that regions surrounding these ITAMs 
may be inhibitory (J. Cambier, personal communication). 
Alternatively, it is possible that only the third ITAM medi- 
ates TCRGcytoskeleton association and that this associa- 
tion is involved in signal amplification. Indeed, recent data 
argue for functional differences between the distal TCR< 
ITAM and the two membrane-proximal ITAMs (Ravichan- 
dran et al., 1993; Exleyet al., 1994; Bu et al., 1995). Finally, 
an intriguing possibility is that the distal tyrosine of any 
expressed ITAM is critical for cytoskeletal association, as 
discussed below. 
Although we do not yet know the identity of the kinases 
involved in TCR< translocation, Fyn and other Src family 
tyrosine kinases critical to T cell activation may be involved 
in the regulation of the recently identified focal adhesion 
kinase, FAK (Cobb et al., 1994). FAK plays a dual and 
likely interconnected role of organizing the formation of 
focal adhesions, specialized structures that tether the cy- 
toskeleton to the extracellular matrix, and of participating 
in a signaling cascade that leads to cellular proliferation 
(Hildebrand et al., 1993). Interestingly, a FAK-related pro- 
tein recently described in Tcells, fakB, may associate with 
TCRC and the c-associated kinase, ZAP-70, upon activa- 
tion (Kanner et al., 1994). Alternatively, recent data show 
that She, an SH2- and SHScontaining adaptor protein, 
binds preferentially to the distal tyrosine of the TCRI; ITAM 
(Osman et al., 1995). These data, in combination with our 
own,suggestthatShcmaylinktheTCRto theRasguanine 
nucleotide pathway through an interaction with cytoskele- 
tal elements. It is intriguing to speculate that the cytoskel- 
eton may play a role in T cell activation as a signaling 
intermediary, either by colocalizing substrate proteins, ki- 
nases, and phosphatases critical to the cascade, or by 
transmitting a signal to the nucleus. 
The results of this study provide direct evidence of an 
activation-dependent interaction between a lymphocyte 
antigen receptor and the actin cytoskeleton. Considerable 
data in other cell systems, most notably in fibroblasts (Za- 
chary and Rozengurt, 1992; Hildebrand et al., 1993) and 
platelets (Lipfert et al., 1992) have shown that binding of 
surface integrin receptors to the extracellular matrix, or 
binding of neuropeptide receptors to small regulatory pep- 
tides of the bombesinlgastrin-releasing family, induce re- 
organization of the actin cytoskeleton via phosphoprotein 
interactions, causing cells to grow and divide. Our data 
indicate that the intracellular signals regulating T cell pro- 
liferation parallel those in fibroblasts, and implicate the 
actin cytoskeleton as a participant in the tyrosine kinase 
cascade leading to cell growth and proliferation. 
hereafter referred to as anti-af3TCR) (Kubo et al., 1989) MAb at 5 pg/ 
IO8 cells, or cross-linking goat anti-mouse polyclonal antibody at 20 
pglml, or both, for 30 min at 4OC, with at least two washes after each 
antibody incubation. The cells were then incubated for 15 min at 37OC, 
solubilized with 0.5% NP-40 in a Tris-buffered saline solution (TBS; 
150 mM NaCI, 10 mM Tris [pH 7.31) containing protease and phospha- 
tase inhibitors (0.2 mM VOI, 10 mM Na,P203, 10 mM NaF, 1 mM PMSF, 
and 1 &ml each of aprotinin, leupeptin, and a-1-antitrypsin) and cen- 
trifuged at 10,000 rpm for 10 min to pellet the insoluble material. Prior 
to separation by one-dimensional sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE), the insoluble cell pellet was 
resolubilized by boiling in nonreducing sample buffer. Immunoprecipi- 
tation of the detergent-soluble fraction was performed with Sepha- 
rose-conjugated anti-TCRS MAb (H146-968; Rozdzial et al., 1994). 
Unless otherwise stated, all reagents were purchased from Sigma 
Chemical Company (St. Louis, Missouri). 
Tyrosine-phosphorylated proteins were detected in freshly isolated 
thymocytes or lymph node T cells from normal adult C57BU6 mice 
and in CDPUS-expressing T cell hybridomas. incubated in the absence 
or presence of anti-a6TCR or antiCD3s (145-2Cll; Leo et al., 1987) 
MAbs and/or goat anti-mouse (GAM), and lysed, as described in Figure 
I. lmmunoprecipitation of the detergent-soluble fraction was then per- 
formed, in series, with agarose-linked anti-phosphotyrosine antibody 
(Ab-1, Oncogene Science, Uniondale, New York) and Sepharose- 
conjugated anti-TCRC MAb (H148-988). Following electrotransfer, the 
nitrocellulose filters were immunoblotted with specific antibodies to 
TCRI, or phosphotyrosine (Ab-2, Oncogene Science, Uniondale, New 
York). 
To determine the associated cytoskeletal element, lymph node T 
cells or cells expressing the CD2515 chimera were processed, as de- 
scribed above, following incubation in 5 @ml cytochalasin D and 
nocodazole for 1.5 hr before or after activation with, respectively, an 
anti-a5TCR MAb or anti-CD25 MAb (AMAC, Incorporated, Westbrook, 
Maine) and cross-linking GAM or GAR antibody. Actin was detected 
with an anti-actin MAb (provided by Dr. B. Jockusch, Braunschweig, 
Federal Republic of Germany). 
Cell-Free Reconstitution 
Freshly isolated murine thymocytes or lymph node T cells, or CD25/ 
S-expressing T cell hybridomas, were washed three times in balanced 
salt solution and incubated in the presence or absence of cytochalasin 
D for 1.5 hr at 4OC, solubilized with 0.5% NP-40 in TBS containing 
protease and phosphatase inhibitors (0.2 mM V03, 10 mM NaF, 1 mM 
PMSF, and 1 uglml each of aprotinin. leupeptin, and a-1-antitrypsin) 
and centrifuged at 10,000 rpm for 10 min to pellet the insoluble mate- 
rial. The detergent soluble fraction was then incubated with or without 
MgATP (0.5 mM MgSO, and 5 mM ATP), Mg% or ATP alone, incubated 
at 37OC for 15 min, and centrifuged at 10,000 rpm for 10 min to pellet 
the newly polymerized material. To increase actin polymerization, the 
Mg2+ concentration was increased to 2 mM. lmmunoprecipitation of 
the detergent solu ble fraction was then performed as described above. 
IL-2 Analysis 
In all experiments, 0.25 ml microcultures were prepared containing 
105respondingT cells. For stimulation, microtiterwells wereprecoated 
with 50 ul of a phosphate-buffered saline solution containing varying 
concentrations of purified antXD8a (191178) or anti-hCD25 (B1.49.9) 
MAbs to cross-link the CDEl/cor CD25/c constructs, respectively. After 
2 hr at room temperature and 1 hr at 4OC, the wells were washed 
three times with fetal calf serum-containing medium. Control wells 
were coated with an irrelevant antibody. After 24 hr in culture, the 




All mice were bred in our facility or purchased from The Jackson Labo- 
ratory (Bar Harbor, Maine). 
Gel Electrophoresis and lmmunoblotting 
Cell fractions and protein samples were boiled in nonreducing sample 
buffer and, at l-5 x 1O’cell equivalents/lane, were separated under 
nonreducing conditions by one-dimensional SDS-PAGE (10%). Ex- 
cept where otherwise indicated, equivalent cell numbers were loaded 
T Cell Activation and lmmunoprecipitation per lane in each experiment. Electrophoretic transfer of protein to 0.2 
Freshly isolated thymocytes or lymph node T cells from normal adult urn nitrocellulose filters was carried out in 48 mM Tris, 39 mM glycine, 
C57BU6 mice were washed three times in balanced salt solution and 1.3 mM SDS, and 20% methanol at room temperature and constant 
incubated in the presence or absence of an anti-pan-TCR5 (H57-597; current (150-200 mA) for 2 hr. Efficiency of transfer was monitored 
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by transfer of prestained markers, by reversible staining of the blots 
with Ponceau-S, and by silver staining of the electroeluted gels. The 
filters were then quenched in blotting buffer composed of 125 mM 
NaCl and 25 mM Tris (pfi 7.6) (TS), and 5% skim milk, or with 5% 
crystallized bovine serum albumin for phosphotyrosine detection. Fol- 
lowing electrotransfer and quenching, the nitrocellulose filters were 
immunoblotted with specific antibodies (1 &ml) to TCRS for 3 hr, and 
washed in TS-O.O5% Tween-20. The washed filters were incubated 
with ?-protein A (4 x 105 cpm/ml) in quenching buffer for 1 hr. and 
washed as above. The blots were then dried and exposed to Kodak 
XAR-2 film at -7OOC. 
Chlmerlc Constructs 
Chimeric constructions were assembled by polymerase chain reaction 
(PCR) as described (Beaufils et al., 1993). The sequences of the vari- 
ous PCR products wereconfirmed using the dideoxy-chain termination 
method. Each of the chimeric cDNAs was cloned into the pSRa-neo 
expression vector. Transfection of the BW 5147 a-6 thymoma (White 
et al., 1989) and selection in the presence of G416 sulfate, were 
performed as described (Wegener et at., 1992). 
Cytofluorometrlc Seqaration and Analysls 
Unfractionated thymocytesfrom normal adult C57BU6 mice were incu- 
bated for 30 min at 4OC with a biotin-labeled anti-a6TCR MAb (H57- 
597) washed three times, labeled with streptavidin R-phycoerythrin 
(Tago, Incorporated, Burlingame, California) for IO min at 4OC, and 
sorted on a Coulter 751 flow cytometer at 4OC to separate the immature 
(TCRb) and mature (TCR’“) T cell populations. The mature and imma- 
ture thymocytes were then analyzed and found to be 96% and 76% 
homogeneous, respectively (data not shown). 
Densitometry 
Autoradiographic densitometry was done on a Macintosh image scan- 
ner. The scans were then interfaced with a Macintosh computer and 
densitometric analysis carried out using the National Institutes of 
Health Image 1.49 program (Bethesda, Maryland) for one-dimensional 
scanning. 
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